Structural reliability analysis of secondary hull detail
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ABSTRACT: A reliability model for analyzing the possible occurrence of crack propagation of a secondary
structural detail is developed. Vibration response due to engine excitation is formulated by a stochastic model
based on analysis of a general cargo hold structure. Engine speed and cargo tank filling level are taken as
stochastic variables. A limit state is formulated based on a threshold stress intensity factor for crack growth and
expresses the possible occurrence of fatigue crack propagation. Failure probabilities are estimated by Monte
Carlo simulations and reliability approximation methods (FORM/SORM). The adequacy of the applied sto-
chastic model for vibration is evaluated and the robustness of the estimated failure probabilities is assessed.
One main remark is that the reliability-based design of secondary details may lead to an improvement in the

fatigue capacity of the detail.

1 INTRODUCTION
1.1 Ship hull vibration

One constant concern for ship designers and operators
is to reduce ship vibrations and the hull structure will
be exposed to different excitation types. Excessive
ship vibration can cause fatigue failure of local struc-
tural details and welded components are especially
exposed to fatigue failure due to the construction and
presence of the weld itself. The vibrations are ob-
served at both global and local levels and due to this
feature, there does not exist one general method to
solve any kind of vibration problems arising onboard
a ship. In addition, fatigue crack growth is a highly
complex and uncertain phenomenon. These aspects
encourage a reliability-based formulation for as-
sessing hull vibration and fatigue crack growth. Over
the decades, several major sources of ship hull vibra-
tion have been identified and broadly investigated.
One of these sources is vibration excitation from the
marine diesel engine.

1.2 Engine excitation

The two-stroke low-speed diesel engine is identified
as a substantial source of hull vibration. These en-
gines have been favored as the main engine for ocean-
going vessels due to their high efficiency and reliabil-
ity and low price (MAN Energy Solutions, 2020; Bu-
kovac et al., 2015). The engine can directly cause vi-
bration through dynamic forces transmitted through
its foundations and supports (American Bureau of

Shipping, 2021). In addition, due to their invariably
large size, they are typically bolted directly onto the
ship structure leading to the engine vibration being
fully transmitted into the hull structure. When deter-
mining the source of vibration, it is necessary to es-
tablish the frequency of excitation and relate this fre-
quency to the shaft rotational frequency by
determining the number of oscillations per shaft rev-
olution, which is typically expressed as revolutions
per minute (rpm) (American Bureau of Shipping,
2021). The low-speed engine generally has an operat-
ing speed range somewhere between 70 to 130 rpm.
There is typically no requirement for speed reduction
arrangement or reduction gear, referred to as direct
drive to the propeller shaft. Direct drive propulsion
systems have a fixed-pitch propeller, and the propel-
ler rpm remains the same as the engine rpm.

Looking back just one decade, a rather limited
number of references to machinery-induced vibration
in ship hull structures existed. However, the topics
came undoubtedly into focus after the introduction of
the so-called Comfort Class requirements. These re-
quirements were first introduced by DNV in 2011 and
later by Lloyds’ Register and Bureau Verities, and
other classification societies later (International Ship
and Offshore Structures Congress (ISSC), 2018;
DNV, 2011). They provided stricter requirements for
vibration, noise, and indoor climate onboard ships,
which forced the maritime community to pay addi-
tional attention to machinery-induced vibration, espe-
cially vibration generated by the marine diesel en-
gine.



In modern engine manufacturing, advanced numeri-
cal simulation and calculation techniques are used to
analyze engine performance already at the design
stage, taking excitation, structure, and vibration re-
sponse into account. Therefore, excitation forces with
all possible firing orders can be compared and ana-
lyzed, structural properties such as engine stiffness
can be optimized, and dynamic simulations of the en-
gine’s vibration response can be simulated
(Tienhaara, 2004). Therefore, the engine manufac-
turer provides the external forces and moments from
engine vibration, usually tabulated in engine specifi-
cations and project guides. The forces and moments
are typically reported at specific engine ratings, i.e.,
at specific engine speeds and powers.

2 RELIABILITY ASSESSMENT

Structural reliability assessments are used for the pre-
diction of failure probabilities of a system at any stage
during the structural life. The probability of failure
may be used as a measure of safety and gives a more
explicit measure than safety factors (Melchers, 1998).
Ship structural systems are complex and large sys-
tems and reliability assessments may involve multiple
states which usually are correlated. To analyze such a
system, simplifications are introduced concerning
loads, strength characteristics, responses, and the con-
nection between the system and the components. This
introduces uncertainties in addition to those already
inherent in the structure.

A reliability assessment is generally described by a
limit state violation: G(x) < 0, where G is an appro-
priate limit state function. This formulation states the
regions of the problem which are safe and unsafe con-
cerning failure based on a given event, as illustrated
in Figure 1.
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Figure 1. Limit state formulation for event E(x) (DNV, 2004b).
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A reliability problem has the general form:

pr=PEE)<0) =[] ..[,  fr@dx (1)

where px is the failure probability, G(x) <0 is the limit
state formulation, and fx(x) is the joint probability
density function (pdf) for the vector x of basic varia-
bles (Moan, 2009). This equation cannot generally be
solved analytically. Reliability approximation

methods and Monte Carlo simulations are extensively
used for solving such problems.

2.1 Approximation methods

The first-order reliability method (FORM) and the
second-order reliability method (SORM) are exten-
sively used for assessing failure probabilities. These
methods approximate the integral in equation (1). The
fundamental idea for both methods is to transform the
problem from a given space, say X, to the standard
normal space, denoted u. This approximates the sur-
face of the boundary of the area where the specific
event investigated is fulfilled. The integration can
then be done over this approximated area (DNV,
2004b; Moan, 2009). The main difference between
FORM and SORM is that FORM uses a first-order
surface to approximate the event boundary, and
SORM uses a second-order surface to approximate
the event boundary. The two methods are illustrated
in Figure 2.
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Figure 2. FORM/SORM approximation to failure surface (DNV,
2004a).

These approximation methods use the Rosenblatt
transformation to transform the reliability problem to
the space of standard normal variables. The Rosen-
blatt transformation is a general method for trans-
forming non-normal random variables into equivalent
independent Gaussian distributed variables (Moan,
2009).

2.2 Monte Carlo simulation methods

The Monte Carlo simulation methods construe prob-
ability as relative frequency and artificially simulate
several experiments by randomly sampling and judg-
ing the results (Moan, 2009; Melchers, 1998). To use
these methods the stochastic variables must be estab-
lished or chosen in advance and then a systematic
method for numerical sampling of the basic variables
is established (Melchers, 1998). The simplest method
is the so-called crude Monte Carlo method. This is the
most direct method; however, it is not the most effi-
cient method. The method has a severe penalty with a
slow convergence (of the standard deviation).



Therefore, variance reduction techniques have been
introduced to make the simulation method more cost-
effective (Moan, 2009). One such method is im-
portance sampling, which uses known information
about the problem to constrict the simulation to inter-
esting domains. The basic formulation for both meth-
ods is based on the same general principle, using an
indicator function which is evaluated at each sample
point and gives a value, typically 1, if a failure occurs.

2.3 Proban

The reliability assessment is conducted using Pro-
ban, developed by DNV. Proban is a general-purpose
probabilistic analysis program that covers calculation
needs, for example in structural reliability (Tvedt,
2006). A wide set of different statistical and probabil-
istic problems encountered in engineering can be
evaluated by this program through a variety of ap-
proximation and simulation methods. This makes the
program ideally suited for structural reliability anal-
yses (DNV, 2004b).

3 METHODOLOGY

3.1 Main engine

A finite element (FE) model of an engine is not avail-
able for the author at this stage, but through contact
with an engine manufacturer, data for external forces
and moments for an engine typically used in tankers
are provided. The engine is a 6-cylinder MAN B&W
G50ME-C9.5. Ships installed with a 6-cylinder main
engine usually have moment compensators to miti-
gate the critical 2" external vertical inertia moment,
which is the most critical source of excitation from
the engine. This is assumed for the tentative vessel,
therefore, only guide force couples are investigated as
an excitation source. These forces and moments are a
result of the combustion process in the engine. The
provided data has no connection to the real operation
of a ship but is given for a specific engine rating for
simulation purposes. The guide force couple mo-
ments for the specific engine are given in Table 1 for
five different rpms used in the vibration analysis.

Table 1. External guide force couple moments

Guide force H-moment [KNm]

Order 80rpm 83rpm 85rpm 87rpm 90rpm
6 825.9 826.9 827.6 828.4 829.5
12 65.7 65.7 65.7 65.7 65.7
Guide force X-moment [KNm]

Order 80rpm 83rpm 85rpm 87rpm 90rpm
2 241.5 226.8 215.8 204.5 188.7
3 524 492.1 468.1 443.7 409.2
4 270.3 268.2 266.6 265 262.8

8 83.3 83.3 83.3 83.3 83.3
9 144.7 1447 1447 1447 144.7
10 36.6 36.6 36.6 36.6 36.6

We see that some of the moments are the same for the
different rpms, however, the order frequency will
change for each order and rpm. The engine excitation
frequencies are calculated as engine speed times order
number and divided by 60 to go from rpm to Hz.

3.2 Cargo arrangement

The modelling of cargo in tanks is solely concerned
with simulating the effect of additional mass on the
dynamic behavior of the hold structure. Hydrody-
namic aspects, such as sloshing and slamming, due to
the motion of the cargo are not taken into considera-
tion. The cargo distribution along the ship length will
directly influence the global hull bending and shear-
ing and the stresses in the local hull structures. When
only evaluating the filling level in the tanks, it is as-
sumed that as more volume in the tanks is filled, the
lower the natural frequencies of the structure will be
due to the increased mass.

The cargo can be distributed in various configura-
tions. A homogeneous or alternating loading condi-
tion is considered a ship’s full load condition. An al-
ternating load condition is shown in Figure 3, and the
scenario seen in this figure may be considered a
worst-case scenario when only taking the tank wall’s
added mass and vibration aspects where a secondary
structural detail is attached. This configuration will be
analyzed in the work presented here.
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Figure 3. Alternating load configuration (IACS, 2018).

3.3 Stochastic variables

The engine speed and cargo tank filling level are
taken as stochastic variables. Engine speed influences
the forces and moments produced by the engine. This
is because the external forces and moments are influ-
enced by engine speed (oscillating masses) and by gas
excitation (cylinder pressure). The assumption of a
normal distribution is based on research by Adland et
al. (2020) on a framework for the estimation of the
fuel consumption-speed curve for ships, where a large
data set of 16 crude oil tankers where investigated.
The attention is restricted to speed intervals between
6 and 16 knots, where the vessels are sailing in the
open sea in laden condition. The vessel speed is then
approximately normally distributed with a mean of
12.1 knots (Adland et al., 2020) Further, it can be



expected that the ship’s speed (in knots) is roughly
linear with the shaft rpm (Lakshmynarayanana and
Hudson, 2017). Based on this, the mean and standard
deviation of the engine rpm for the normal distribu-
tion description can be obtained. Based on this the
following distribution shown in Figure 4 is found for
the engine speed, where the mean and standard devi-
ation is obtained using basic formulas in statistics for
normal distribution.
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Figure 4. Distribution of engine speed in rpm.

The tank filling level is assumed to be uniformly
distributed since it only changes in the z-direction
(height of cargo in the tanks). This is to some extent
reasonable since no hydrodynamic aspects of the
cargo liquid are considered and the cargo in this case
is modelled as a solid body. The mean and standard
deviation for the uniform distribution of filling levels
is obtained directly from Proban, where it is calcu-
lated by basic statistical formulas for uniform distri-
bution. The characteristics of the stochastic variables
are given in Table 2.

Table 2. Stochastic variables

Variable Engine speed Filling level
Description X Y
Distribution Normal Uniform
Range 80 —90 rpm 0-100 %
Mean 86.1 50

Standard deviation 1.1 28.9

3.4 Vibration analysis

The vibration response is evaluated through acoustic
harmonic vibration analysis in Ansys Workbench. A
general cargo hold model is analyzed with engine ex-
citation implemented as moments acting on the aft
end of the structure. The engine structure is imple-
mented as a point mass to simulate the mass of the
engine block. The acoustic module considers the ad-
ditional mass of the cargo, where the interaction be-
tween the cargo and the tank wall is implemented
through a fluid-solid interface. The cargo hold model

consists of %2 + 1 + % hold units, shown in Figure 5
for the case of 75% volume filling level in the tanks.

Figure 5. General cargo hold model with %2 + 1 + % hold units.

The model is analyzed with five different engine
speeds ranging from 80 to 90 rpm, and five different
filling levels, given in volume percentage of tank fill-
ing from 0 to 100%. This provides data sets for fitting
a functional representation to the vibration response.
As presented in Table 2, the engine speed will be
given a normal distribution in the probabilistic analy-
sis, and the filling level is assumed uniformly distrib-
uted with statistically even weighting. The secondary
structural detail analyzed is the pipe stack support,
seen in Figure 6.

Figure 6. Pipe stack support.

The number of nodes and elements of the hold model
are given in Table 3 for the different filling levels.
The structural parts are steel with a density of 7850
kg/m3, except the cargo hold pump head which is
given a density of 625 kg/m®. The hydraulic pipe has
distributed mass of 130kg to simulate the additional
mass of hydraulic oil. The structural parts are mod-
elled with solid elements and given a tetrahedron
mesh. The cargo is simulated as water and meshed
with a sweeping method. The boundary conditions
are implemented according to DNV (2021b) Class
Guideline for finite element analysis.



Table 3. Number of nodes and elements of FE model

Filling level [%] Nodes Elements
0 1252199 705740
25 1331057 729599
50 1214706 577286
75 1330825 732362
100 1326467 731348

Vibration response is evaluated as hot spot stress in
the welded connections between the support and the
tank wall. Stress is considered because it is a driving
force for fatigue crack propagation. The hot spot
stress is derived according to recommended practice
from DNV (2021a) for modelling with solid elements
with the weld included in the model. The hot spot
stress can be taken as the stress at the read-out point
0.5 t away from the weld toe, where t is the thickness
of the plate. The hot spot stress is then derived as:
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where a is a factor which depend on what type of class
the detail is defined as (ref. DNV-RP-C203 Table A-
3), and Aoy and Aoy are principal stresses calculated
as:

@)
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3.4.1 Functional representation

A functional representation of the vibration response
is constructed based on the response data. One func-
tion is fitted to each of the stochastic variables and the
final expression is taken as the product of these two
functions. This is then assuming the variables are un-
correlated. The functional representation will be on
the form:

fs(oy) = () /() 4)

3.5 Limit state formulation for crack growth
occurrence

The limit state is formulated as the potential occur-
rence of crack propagation in the local structural de-
tail. A fatigue limit, S;, may be defined, below which
there is no fatigue damage. A useful approximation
for a three-dimensional surface crack is to assume a
semi-elliptic shape (Berge and As, 2017), with depth
a and surface length 2c as seen in Figure 7.
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Figure 7. Semi-elliptical surface crack (Newman and Raju,
1981).

The fatigue limit is established based on a recom-
mended fatigue crack growth threshold stress inten-
sity factor (SIF) for welded components and SIF cal-
culations by Newman and Raju (1981). They
established an empirical expressed for the SIF based
on finite element results:

K:S\/:%F (5)

where K is the SIF, S is stress, a is crack size, F is a
form factor and Q is the shape function for an ellipse,
which can be approximated as:

Q =1+ 1.464 (%)1'64 (6)

A recommended threshold value for steel is AK,;, =
63MPavmm (British Standard, 2005), and the fa-
tigue limit can then be expressed as:

AKp

Sl = ﬁ (7)
noF

The form factor is dependent on the external geome-
try, crack length, crack geometry and load configura-
tion. To evaluate this factor, the initial crack size must
be established. However, it is difficult to estimate the
initial crack size in welded structures and different
values are given in the literature (e.g., British Stand-
ard, 2005; Hobbacher, 2009). Therefore, different
crack sizes are considered to evaluate the effect of in-
itial crack size on the fatigue limit.

The geometry function is established based on the
SIF calculation results by Newman and Raju (1981),
where they have established graphs of an equivalent
form factor. However, the initial cracks may be con-
sidered small compared to the overall geometry and it
may then be sufficiently accurate to assume infinite
plate solutions (Berge and As, 2017), which means
the form factor is equal to 1.

Concerning the avoidance of crack propagation, it
is challenging to establish an exact criterion for an ac-
ceptable probability of failure. This needs to be based
on several different parameters and aspects (such as
experiments and experience). Due to a lack of infor-
mation, no specific criterion can be set herein. How-
ever, a failure probability from 1-5% may be argued
as not critical.

The limit state for failure probability estimation is
now formulated as:



Gx)=S8—-fs<0 (8)

where fs is the local stress response at the structural
detail under consideration.

4 RESULTING RELIABILITY MODEL

4.1 Vibration aspects

The vibrational data set based on five different rpms
and filling levels is a relatively small set of data.
However, due to the computational demand for each
simulation, a compensation between simulation time
and data points simulated was necessary.

Preliminary investigations of vibration response
due to main engine excitation alone give stress levels
which may be considered as not critical. The global
vibration and the vibration levels in the cargo tanks
themselves are well below requirements given by dif-
ferent recommendations (e.g., International Organi-
zation for Standardization, 2016; American Bureau of
Shipping, 2021). From a design point of view, ana-
lyzing the fatigue capacity of a secondary detail; the
design should be aimed to withstand normal to critical
vibration levels. Due to limitations in the author’s
possible modelling opportunities at this stage, no con-
sideration is made of hydrodynamic loads and loads
from the propeller or other possible excitation rein-
forcements of the ship. It may therefore be reasonable
to assume that vibration from the main engine alone
will not be critical in the mid-region ship structure.

To test the developed stochastic model further, a
reinforcement factor for the ship can be assumed. Es-
sentially this consists of scaling the global vibration
response toward critical limits to investigate the fa-
tigue capacity of the local detail. The main aspect
herein is to test the integrity of the developed stochas-
tic model for the possible occurrence of crack propa-
gation.

4.2 Response function

Due to a relatively small vibration response data
set, it is aimed to fit well-established functional rep-
resentations to the data. The curve fits are evaluated
by their goodness of fit statistics: the sum of squares
due to error (SSE), the R-square, and the root mean
squared error (RMSE). For a fit useful for prediction,
the SSE and RSME should be as close to zero as pos-
sible, and the R-square should be as close to 1 as pos-
sible.

The curves are fitted based on the average hot spot
stress in the middle support, which experiences the
most significant stresses. For fitting the engine speed
curve, the responses from the different filling levels
are averaged at each rpm. For fitting the filling level
curve, the responses from the different rpms are aver-
aged for each filling level.

The X-variable (engine speed) is fitted to a Fourier
function with the following form:

fx(x) = 6.54 + 3.12 cos(0.26x) — 1.30 sin(0.26x)
9)
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Figure 8. Fitted curve for X-variable.

The fit is plotted in Figure 8, with the goodness of fit
statistics given in Table 4.

Table 4. Goodness of fit statistics for X-variable.

Parameter  Value
SSE 0.073
R-square 0.995
RMSE 0.269

The Y-variable (filling level) is fitted to a Gaussian
function on the following form:
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Figure 9. Fitted curve for Y-variable

The fit is plotted in Figure 9, with goodness of fit sta-
tistics given in Table 5.

Table 5. Goodness of fit statistics for X-variable.

Parameter  Value
SSE 0.193
R-square 0.999
RMSE 0.312

The resulting stochastic model for vibration response
becomes:



fs(x,y) = (6.54 + 3.12 cos(0.26x) —
—96.61\2
1.305in(0.26x) ) - (13.49 ) ) (11)

The goodness of fit statistics for the fitted functions
are to some extent satisfactory, however, with a pos-
sibility of improvements. Especially for the RMSE
parameter, which is an estimate of the standard devi-
ation of the random component in the data. Further
improvement of the model will give a fit better for
prediction. Improved functional representations may
be achieved by, for instance, having a larger vibration
data sample for curve fitting. However, both SSE and
RMSE for both functions are in the vicinity of zero
and the R-square for both fits is close to 1. Accord-
ingly, some integrity of the stochastic model is
achieved.

The assumption of uncorrelated variables is to
some extent reasonable as the ship's speed is assumed
to be determined based on the voyage, together with
environmental conditions, and not related to the
amount of cargo being transferred.

4.3 Failure probability estimation

Table 6 summarizes the different initial crack sizes
investigated, with their corresponding form factor and
their calculated maximum allowable stress before
crack propagation occurs.

Table 6. Initial crack sizes and corresponding limit stress Sy

Initial crack [mm] F[-] Si[MPa]
ai Ci

0.2 0.5 1.0 91

0.3 0.5 1.0 82

0.4 0.8 1.0 68

0.5 1 1.0 60

0.6 1 0.95 61

Based on the established values, the approximation of
assuming a constant form factor equal to 1 may be
valid here, meaning it is reasonable to say that the
crack size is considered small compared to the overall
geometry. However, here it is assumed bending load-
ing is the dominant loading for the pipe stack support.
The loading condition will be more complex, consist-
ing of combinations of different loading types. In ad-
dition, the values for the form factors are based on
graphical representations of typical results for SIF so-
lutions and there will be uncertainties associated with
the read values.

The failure probability calculations are conducted
with the normalized response functions to obtain cor-
rect units in the stress calculations. The reference re-
sponse is for the case with 50% filling level and en-
gine speed of 85 rpm. Table 7 summarizes the
calculated failure probabilities.

Table 7. Failure probabilities

Initial crack Si pr[%6]

ai Ci MC DSPS FORM SORM
0.2 0.5 91 0.00 0.00 0.00 0.00
0.3 0.5 82 0.01 001 0.03 001
0.4 0.8 68 056 057 126 051
0.5 1 60 249 242 465 233
0.6 1 61 206 207 405 196

* MC: crude Monte Carlo
* DSPS: design point simulation (importance sampling)

For a smaller fatigue limit the calculated failure prob-
ability is larger. Moreover, the failure probabilities
estimated by crude Monte Carlo (MC) and im-
portance sampling (DSPS) are similar. These two as-
pects are as expected and present a satisfying result
for the reliability model regarding its robustness in
failure probability estimation. The failure probability
by SORM coincides with the MC and DSPS proba-
bility. However, the FORM probability deviates no-
ticeably from the others. One reason for this can be
that the problem’s failure surface is displaying non-
linear characteristics, thus, the surface is possibly
quite curved.

The calculated failure probabilities are below the
specified range of 1-5%. However, values are uncer-
tain and represent a criticism of probability calcula-
tion. Acceptable criteria and target values are difficult
to establish. This means that there may be a risk of the
occurrence of crack propagation and further investi-
gations based on a continuation of this reliability
framework can help improve the failure capacity of
local details such as the pipe stack support investi-
gated herein.

5 CONCLUSION

The harmonic vibration analysis is only done for
combinations of five different rpms and filling levels.
This may be too few points for an optimal represen-
tation of response functions. However, due to the
computational demand for each vibration simulation,
it was necessary to compensate between simulation
time and the size of the sample. Nevertheless, the es-
tablished stochastic model has achieved adequate in-
tegrity with a small set of vibration data.

The failure probability estimated by the reliability
model increases for increasing crack size and decreas-
ing fatigue limit. This gives robustness to the model
since it coincides with the expected results.

Based on the functional representations for the fill-
ing level and rpm, it is seen that both variables will
noticeably influence the vibration response of the lo-
cal structure. A larger filling level, 50% of the tank
and above, combined with RPMs in the region of the
mean value and above, gives the largest responses for
the structural detail. Therefore, the local components



may be exposed to vibration which over time can lead
to critical fatigue crack growth. By further develop-
ment of the framework presented herein, the reliabil-
ity-based design of secondary details may lead to an
improvement in the fatigue capacity of the detail.

6 REFERENCES

Adland, R., Cariou, P., & Wolff, F.-C. (2020). Optimal ship
speed and the cubic law revisited: Empirical evidence from
an oil tanker fleet. Transportation Research Part E: Logis-
tics and Transportation Review, 140, 101972.
https://doi.org/10.1016/j.tre.2020.101972

American Bureau of Shipping. (2021). Guidance note on Ship
Vibration. (ABS). Texas, USA.

Berge, S., & As, S. K. (2017). Fatigue and Fracture Design of
Marine Structures. TMR4200 Compendium.

British Standard. (2005). Guide to methods for assessing the ac-
ceptability of flaws in metallic structures. (BS 7910:2005).
Retrieved from:
https://www.academia.edu/33758342/Guide_to_meth-
ods_for_assessing_%?20the_acceptability of flaws in_me-
tallic_structures

Bukovac, O., Medica, V., & Mrzljak, V. (2015). Steady state
performances analysis of modern marine two-stroke low
speed diesel engine using mlp neural network model. Ship-
building, 66 (4), 57-70. https://www.researchgate.net/publi-
cation/295114070_Steady state performances_analy-
sis_of _modern_marine_two-
stroke low_speed diesel_engine using_mlp _neural net-
work_model

DNV (2021a). Fatigue design of offshore steel structures, Rec-
ommended Practice, DNV-RP-C203.

DNV (2021b). Finite element analysis, Class Guideline, DNV-
CG-0127.

DNV (2011). Rules for classification of ships: Comfort Class.
Det Norske Veritas (DNV), Special service and type addition
class. Retrieved from
https://rules.dnv.com/docs/pdf/DNVPM/rulesship/2011-
01/ts512.pdf.

DNV (2004a). SESAM User Manual Proban. Det Norske Veri-
tas, DNV Software Report No.: 92-7049. Havik, Norway
DNV (2004b). SESAM User Manual Proban Theory. Det
Norske Veritas, DNV Software Report No.: 96-7017. Havik,

Norway.

Hobbacher, A. (2009). The new IIW recommendations for fa-
tigue assessment of welded joints and components — a com-
prehensive code recently updated. International Journal of
Fatigue, 31, 50-58.
https://doi.org/10.1016/j.ijfatigue.2008.04.002

IACS. (2018) Guidance and Information on Bulk Cargo Loading
and Discharging to Reduce the Likelihood of Over-stressing
the Hull Structure, No. 46, London.

International Ship and Offshore Structures Congress (ISSC).
(2018). I1SSC 2018 Technical Committee 11.2 Dynamic Re-
sponse. https://doi.org/10.3233/978-1-61499-862-4-255

Lakshmynarayanana, P. A., & Hudson, D. (2017). Estimating
added power in waves for ships through analysis of opera-
tional data. 2nd Hull Performance and Insight Conference.

MAN Energy Solutions. (2020). Two-Stroke Technology.
https://www.man-es.com/marine/products/two-strokeengi-
nes

Melchers, R. E. (1998). Structural reliability analysis and pre-
diction. John Wiley & Sons.

Moan, T. (2009). Structural Risk and Reliability Analysis. De-
partment of Marine Technology, NTNU, Trondheim, Nor-
way.

Newman, J., & Raju, I. (1981). An empirical stress-intensity fac-
tor equation for the surface crack. Engineering Fracture Me-
chanics, 15 (1), 185-192.
https://doi.org/https://doi.org/10.1016/0013-
7944(81)90116-8

Tienhaara, H. (2004). Guidelines to engine dynamics and vibra-
tion [Technology, Wartsila Corporation].
https://www.maintenance.org/fileSendAc-
tion/fcType/0/fcOid/399590942962914489/file-
Pointer/399590942964822834/fodoid/39959094296482283
2/Wartsila_Guideline_Dynamics_Vibrations.pdf

Tvedt, L. (2006). Proban - probabilistic analysis. Structural
Safety - STRUCT SAF, 28, 150-163.
https://doi.org/10.1016/].strusafe.2005.03.003



https://doi.org/10.1016/j.tre.2020.101972
https://www.academia.edu/33758342/Guide_to_methods_for_assessing_%20the_acceptability_of_flaws_in_metallic_structures
https://www.academia.edu/33758342/Guide_to_methods_for_assessing_%20the_acceptability_of_flaws_in_metallic_structures
https://www.academia.edu/33758342/Guide_to_methods_for_assessing_%20the_acceptability_of_flaws_in_metallic_structures
https://www.researchgate.net/publication/295114070_Steady_state_performances_analysis_of_modern_marine_two-stroke_low_speed_diesel_engine_using_mlp_neural_network_model
https://www.researchgate.net/publication/295114070_Steady_state_performances_analysis_of_modern_marine_two-stroke_low_speed_diesel_engine_using_mlp_neural_network_model
https://www.researchgate.net/publication/295114070_Steady_state_performances_analysis_of_modern_marine_two-stroke_low_speed_diesel_engine_using_mlp_neural_network_model
https://www.researchgate.net/publication/295114070_Steady_state_performances_analysis_of_modern_marine_two-stroke_low_speed_diesel_engine_using_mlp_neural_network_model
https://www.researchgate.net/publication/295114070_Steady_state_performances_analysis_of_modern_marine_two-stroke_low_speed_diesel_engine_using_mlp_neural_network_model
https://rules.dnv.com/docs/pdf/DNVPM/rulesship/2011-%2001/ts512.pdf
https://rules.dnv.com/docs/pdf/DNVPM/rulesship/2011-%2001/ts512.pdf
https://doi.org/10.1016/j.ijfatigue.2008.04.002
https://doi.org/10.3233/978-1-61499-862-4-255
https://www.man-es.com/marine/products/two-strokeengines
https://www.man-es.com/marine/products/two-strokeengines
https://doi.org/https:/doi.org/10.1016/0013-7944(81)90116-8
https://doi.org/https:/doi.org/10.1016/0013-7944(81)90116-8
https://www.maintenance.org/fileSendAction/fcType/0/fcOid/399590942962914489/filePointer/399590942964822834/fodoid/399590942964822832/Wartsila_Guideline_Dynamics_Vibrations.pdf
https://www.maintenance.org/fileSendAction/fcType/0/fcOid/399590942962914489/filePointer/399590942964822834/fodoid/399590942964822832/Wartsila_Guideline_Dynamics_Vibrations.pdf
https://www.maintenance.org/fileSendAction/fcType/0/fcOid/399590942962914489/filePointer/399590942964822834/fodoid/399590942964822832/Wartsila_Guideline_Dynamics_Vibrations.pdf
https://www.maintenance.org/fileSendAction/fcType/0/fcOid/399590942962914489/filePointer/399590942964822834/fodoid/399590942964822832/Wartsila_Guideline_Dynamics_Vibrations.pdf
https://doi.org/10.1016/j.strusafe.2005.03.003

